Abstract: Esophageal adenocarcinoma carries a very poor prognosis. For this reason, it is critical to have cost-effective surveillance and prevention strategies and early and accurate diagnosis, as well as evidence-based treatment guidelines. Barrett's esophagus is the most important precursor lesion for esophageal adenocarcinoma, which follows a defined metaplasia-dysplasia-carcinoma sequence. Accurate recognition of dysplasia in Barrett's esophagus is crucial due to its pivotal prognostic value. For early-stage esophageal adenocarcinoma, depth of submucosal invasion is a key prognostic factor. Our systematic review of all published data demonstrates a "rule of doubling" for the frequency of lymph node metastases: tumor invasion into each progressively deeper third of submucosal layer corresponds with a twofold increase in the risk of nodal metastases (9.9% in the superficial third of submucosa (sm1) group, 22.0% in the middle third of submucosa (sm2) group, and 40.7% in deep third of submucosa (sm3) group). Other important risk factors include lymphovascular invasion, tumor differentiation, and the recently reported tumor budding. In this review, we provide a concise update on the histopathological features, ancillary studies, molecular signatures, and surveillance/management guidelines along the natural history from Barrett's esophagus to early stage invasive adenocarcinoma for practicing pathologists.
Introduction
Esophageal carcinoma is the eighth most common cancer and the sixth most common cause of cancer-associated mortality worldwide [1] . In the United States, the majority of esophageal carcinomas are adenocarcinomas. While the prevalence of esophageal squamous cell carcinoma is dropping worldwide, the incidence rate of esophageal adenocarcinoma (EAC) has kept over the past three to four decades [2] .
It is established that the most important precursor lesion for EAC is Barrett's esophagus (BE) [3] . BE is the result of a metaplastic process where the squamous mucosa in the distal esophagus is replaced by intestinal type mucosa [4, 5] . Gastroesophageal reflux is the pivotal risk factor for BE and EAC [6] . Other risk factors for EAC include obesity, older age, male gender, and Caucasian race. On the other hand, factors such as physical exercise, a diet rich in vegetables and medication such as protein pump inhibitor, nonsteroidal anti-inflammatory drugs, and statin might have protective effects [7] . Ironically Helicobacter pylori, a known oncogenic microorganism for gastric adenocarcinoma, has been shown to be protective against the development of BE and EAC [8] . The current recommendation for BE surveillance is to target high-risk population, i.e., males aged over 60 years with chronic uncontrolled reflux [9] . current recommendation for BE surveillance is to target high-risk population, i.e. males aged over 60 years with chronic uncontrolled reflux [9] .
In this review, we discuss the histopathological features, ancillary studies, and molecular signatures of BE and early stage invasive adenocarcinoma; we also briefly introduce current guidelines regarding its surveillance and treatment.
Histopathology of BE
The diagnosis of BE requires correlation of findings from both upper endoscopy and histopathology [10] . The distal esophagus normally is covered with squamous mucosa that is white or pale pink in color. With repeated inflammatory stimuli such as reflux, the squamous mucosa can undergo a metaplastic process and become salmon colored mucosa on endoscopy (Figure 1 ). Endoscopic identification of the gastroesophageal junction (the proximal end of the gastric fold) and squamocolumnar junction (regular, slightly irregular, or undulated line, or so-called Z-line) is essential [11] . Normally there is an overlap between gastroesophageal junction and squamocolumnar junction. The progress of columnar metaplasia will move the squamocolumnar junction more proximally. There are three histologic types of columnar metaplasia: cardiac-type, fundic-type, and intestinal-type (Figure 2A-C) . The clinical significance of cardiac-and fundic-type columnar metaplasia is unclear. However, intestinal-type columnar metaplasia is considered the hallmark of the BE. current recommendation for BE surveillance is to target high-risk population, i.e. males aged over 60 years with chronic uncontrolled reflux [9] . In this review, we discuss the histopathological features, ancillary studies, and molecular signatures of BE and early stage invasive adenocarcinoma; we also briefly introduce current guidelines regarding its surveillance and treatment.
The diagnosis of BE requires correlation of findings from both upper endoscopy and histopathology [10] . The distal esophagus normally is covered with squamous mucosa that is white or pale pink in color. With repeated inflammatory stimuli such as reflux, the squamous mucosa can undergo a metaplastic process and become salmon colored mucosa on endoscopy (Figure 1 ). Endoscopic identification of the gastroesophageal junction (the proximal end of the gastric fold) and squamocolumnar junction (regular, slightly irregular, or undulated line, or so-called Z-line) is essential [11] . Normally there is an overlap between gastroesophageal junction and squamocolumnar junction. The progress of columnar metaplasia will move the squamocolumnar junction more proximally. There are three histologic types of columnar metaplasia: cardiac-type, fundic-type, and intestinal-type (Figure 2A-C) . The clinical significance of cardiac-and fundic-type columnar metaplasia is unclear. However, intestinal-type columnar metaplasia is considered the hallmark of the BE. By current definition, BE is the presence of longer than 1 cm salmon colored columnar mucosa above the gastroesophageal junction endoscopically which is proven to harbor intestinal metaplasia on histology [12] . The term "long segment BE" is defined as the length of columnar mucosa >3 cm, and "short segment BE" is used when the length is between 1 and 3 cm. Increased length of columnar mucosa is associated with increased incidence of intestinal metaplasia and about 46% increase in the risk of cancer progression for every 1 cm increase in the BE length [13] . For BE diagnosis, the American College of Gastroenterology (ACG) recommends four random biopsies every 2 cm, or 8 random biopsies to maximize the yield of intestinal metaplasia on histology. For cases with suspected "short segment BE", taking a minimum of four biopsies for every 1 cm of circumferential columnar mucosa and one biopsy for every 1 cm in tongue of columnar mucosa is suggested. If subtle mucosal abnormalities such as ulceration and nodule are identified in BE, they should be sampled separately. If the mucosal abnormalities are present in BE with dysplasia, ideally they should be treated with endoscopic mucosal resection [12] .
In the United States, identification of goblet cells is required for the diagnosis of BE [14] . Identification of goblet cells is usually straightforward. In the routine hematoxylin and eosin (H&E) stain, the goblet cells are simple columnar cells with a small narrow nucleus in the base portion of the cell, and a large mucin-filling globule in the cytoplasm. The mucin is acidic in nature, and appears bluish in routine H&E stain. Goblet cells are usually dispersed randomly within the columnar mucosa. From a practical point of view, it's important to distinguish goblet cells from so-called "pseudogoblet cells", which are barrel-shaped columnar cells with prominent cytoplasmic mucin [15] . Unlike the true goblet cells, pseudogoblet cells often line up in cluster, and the mucin is usually light pink and less bluish as compared to the true goblet cells. Another histological clue is that the nucleus of the pseudogoblet cells is not triangle shaped as the one in true goblet cells. Although it has been considered unnecessary for BE diagnosis, Alcian Blue (AB) (pH 2.5)/Periodic Acid Schiff (PAS) could be performed when in doubt, and goblet cells will be bright blue or dark purple.
Patients with initial diagnosis of BE usually enter surveillance program so that neoplasia can be detected and treated earlier to reduce the incidence and mortality of Barrett's adenocarcinoma. BE surveillance biopsy interpretation remains a diagnostic challenge. Surveillance biopsy from BE patients should be evaluated using the previously published schema: negative for dysplasia, indefinite for dysplasia, low-grade dysplasia, and high-grade dysplasia [14] .
Negative for Dysplasia (ND)
The epithelium in the category of BE with ND appears reactive in nature, demonstrates surface maturation and has low nucleus/cytoplasm (N/C) ratio. The nucleus has smooth contour, is uniform and evenly spaced, and parallels to each other with normal polarity ( Figure 3A) . If there is mild atypia, it is limited to the crypt and basal portion of the epithelium. Nuclear hyperchromasia and polymorphism are not features for reactive epithelium. The risk of cancer progression for ND is approximately 0.12-0.5%/year, about 11.3 times higher than the risk for general population [16] [17] [18] , By current definition, BE is the presence of longer than 1 cm salmon colored columnar mucosa above the gastroesophageal junction endoscopically which is proven to harbor intestinal metaplasia on histology [12] . The term "long segment BE" is defined as the length of columnar mucosa >3 cm, and "short segment BE" is used when the length is between 1 and 3 cm. Increased length of columnar mucosa is associated with increased incidence of intestinal metaplasia and about 46% increase in the risk of cancer progression for every 1 cm increase in the BE length [13] . For BE diagnosis, the American College of Gastroenterology (ACG) recommends four random biopsies every 2 cm, or 8 random biopsies to maximize the yield of intestinal metaplasia on histology. For cases with suspected "short segment BE", taking a minimum of four biopsies for every 1 cm of circumferential columnar mucosa and one biopsy for every 1 cm in tongue of columnar mucosa is suggested. If subtle mucosal abnormalities such as ulceration and nodule are identified in BE, they should be sampled separately. If the mucosal abnormalities are present in BE with dysplasia, ideally they should be treated with endoscopic mucosal resection [12] .
The epithelium in the category of BE with ND appears reactive in nature, demonstrates surface maturation and has low nucleus/cytoplasm (N/C) ratio. The nucleus has smooth contour, is uniform and evenly spaced, and parallels to each other with normal polarity ( Figure 3A ). If there is mild atypia, it is limited to the crypt and basal portion of the epithelium. Nuclear hyperchromasia and polymorphism are not features for reactive epithelium. The risk of cancer progression for ND is approximately 0.12-0.5%/year, about 11.3 times higher than the risk for general population [16] [17] [18] , and regular endoscopic surveillance is recommended every three to five years. Endoscopic therapy is not routinely used to treat patients with ND due to its low risk of cancer progression.
Indefinite for Dysplasia (IND)
This is a "gray-zone" diagnosis. The columnar epithelium may have certain features concerning for dysplasia, such as cytological atypia and distorted architecture, but quantitatively or qualitatively it's difficult to make a definite diagnosis of dysplasia. A common scenario is atypia, either mild or marked, in a background of extensive active inflammation making impossible the distinction between reactive versus dysplastic. The risk of cancer progression for IND is approximately 0.84-1.4%/year [19] [20] [21] . Unfortunately, the interobserver agreement on BE with IND is poor [22] . Once an IND diagnosis is rendered, the patient should receive appropriate proton pump inhibitor (PPI) treatment for 3 to 6 months, followed by repeat biopsy.
Low-Grade Dysplasia (LGD)
In LGD, the nucleus becomes hyperchromatic, enlarged, and may be stratified, and extends to the surface ( Figure 3B ). There might be a sharp transition between the normal and dysplastic epithelium. The dysplastic cells still maintain their nuclear polarity. The architecture is usually well preserved without cribriform glands. Extremely pleomorphic nucleus and complex architecture are not features for LGD. The interobserver agreement for LGD is poor-moderate based on several studies [23] .
LGD is associated with higher risk of cancer progression (0.5-1.4%/year) when compared to ND [16, 24] . For LGD, endoscopic therapy is preferred, alternatively patient could receive endoscopic surveillance every 12 months.
High-Grade Dysplasia (HGD)
HGD is characterized by more profound cytological and architectural abnormalities than LGD ( Figure 3C ). Dysplastic changes extend to the surface and the basement membranes of neoplastic glands are intact. Cytological abnormalities in HGD include enlarged hyperchromatic and pleomorphic nucleus, prominent nucleoli, frequent mitosis and atypical mitotic figure, increased N/C ratio, irregular nuclear contour, with loss of nuclear polarity and pleomorphism being the two most objective abnormalities. Architectural abnormalities in HGD include glandular cribriforming and papillary configuration. The risk of cancer progression in HGD is about 6%/year [25, 26] , and endoscopic therapy is currently recommended.
Loss of surface maturation is a key evidence to support the diagnosis of dysplasia in most BE surveillance biopsies. However certain practical dilemmas do exist. "Deep crypt dysplasia" is a situation that low-grade or even high-grade dysplasia is present but limited within the deep crypt, while the surface maturation is well maintained [27, 28] . In the case of deep crypt dysplasia, conventional dysplasia actually is present in about 47% of cases. And deep crypt dysplasia may share similar molecular signature, such as aneuploidy and mutated p53 expression pattern, similar to conventional dysplasia [27] . Therefore it's important to recognize this variant of dysplasia in the case with surface maturation. When in doubt, deep sections and close examination of the specimen should be applied, and it's reasonable to at least label the case with "indefinite for dysplasia" ( Figure 3D ) so that close follow-up could be indicated. Comparison to previous biopsy might be helpful in some cases as well as p53 immunohistochemical stain.
Another commonly encountered dilemma in real-life practice is to distinguish HGD from intramucosal carcinoma. To address this controversial issue, "HGD with marked glandular architectural distortion, cannot exclude intramucosal carcinoma (HGD/MAD)" has been proposed to categorize lesions with: (1) glandular crowding with loss of lamina propria, or so-called "back-to-back" glands; (2) cribriform, or so-called "gland-in-gland" architecture; and (3) at least three dilated glands with intraluminal debris [29] . Another study proposed "HGD with features 'suspicious' for invasive carcinoma (HGD/S)" which include solid/cribriform architecture, ulcerated HGD, dilated dysplastic glands with intraluminal debris, prominent neutrophils within HGD, and dysplastic glands incorporating into overlying squamous epithelium [30] . HGD/MAD and HGD/S have excellent agreement with each other, and among HGD cases, the presence of more than three dilated glands with intraluminal debris is the only independent predictor of adenocarcinoma in multivariable analysis [31] . 
Review

Histopathology of Intramucosal Carcinoma (IMC)
Generally speaking, IMC is a transitional process when tumor cells start to demonstrate its invasive potential, but it's still within the boundary of muscularis mucosae. The hallmarks of IMC is invasion of the neoplastic cells through the basement membrane into the lamina propria but not beyond the muscularis mucosae. Histologically, IMC demonstrates the following patterns: solid growth pattern, individual cells infiltrating the lamina propria but not beyond the muscularis mucosae, or an anastomosing "never ending" glandular pattern ( Figure 4A-C Figure 4A-C) . By definition, the recognition of the muscularis mucosae layer is of great value when diagnosing IMC. In the case of BE, duplicated muscularis mucosae is very common, and present in about 92% of BE resections [32] . The deep layer is the original muscularis mucosae, and the superficial layer is the newly formed muscle layer. In endoscopic mucosal resection (EMR) specimen, the deeper layer of the muscularis mucosae is not always seen or well preserved, which is a potential pitfall for overstaging. When tumor invades into the interspace between these two layers of muscularis mucosae, it behaves similar to IMC invading the lamina propria and/or inner layer of muscularis mucosae in terms of lymph node metastasis and recurrence-free survival [33] . In poorly oriented endoscopic resection specimens, identification of submucosal esophageal glands and ducts and large caliber arteries can be of value to decide the depth of invasion and pathological staging.
When subcategorizing IMC based on the depth of invasion (m1: lack of tumor invasion through basement membrane, i.e. HGD; m2: tumor invades through basement membrane and into lamina propria; m3: tumor invades into muscularis mucosae), studies demonstrated that m1-m3 behaves similar and were unlikely to involve lymph node, locoregional recurrence, or distant recurrence [33] , with only 1 T1m3 case (out of 22) developing lymph node metastasis. Just like HGD, endoscopic therapy is the preferred treatment for IMC. However, IMC with lymphovascular invasion, a signet ring cell feature, and poor differentiation may be treated with esophagectomy due to high risk of nodal metastasis [34] .
Histopathology of Submucosal Adenocarcinoma (SAC)
Grossly SAC can be polypoid, flat, or ulcerated. Similar to carcinoma in the gastric cardia, most of the esophageal SAC has a tubular or papillary growth pattern. Submucosal esophageal glands/ducts and thick-walled arteries, if present, could serve as a marker for submucosal determination. Stromal desmoplasia is another important clue. Microscopically the tumor has features of gland forming, and could be categorized as well differentiated (more than 95% gland By definition, the recognition of the muscularis mucosae layer is of great value when diagnosing IMC. In the case of BE, duplicated muscularis mucosae is very common, and present in about 92% of BE resections [32] . The deep layer is the original muscularis mucosae, and the superficial layer is the newly formed muscle layer. In endoscopic mucosal resection (EMR) specimen, the deeper layer of the muscularis mucosae is not always seen or well preserved, which is a potential pitfall for overstaging. When tumor invades into the interspace between these two layers of muscularis mucosae, it behaves similar to IMC invading the lamina propria and/or inner layer of muscularis mucosae in terms of lymph node metastasis and recurrence-free survival [33] . In poorly oriented endoscopic resection specimens, identification of submucosal esophageal glands and ducts and large caliber arteries can be of value to decide the depth of invasion and pathological staging.
Grossly SAC can be polypoid, flat, or ulcerated. Similar to carcinoma in the gastric cardia, most of the esophageal SAC has a tubular or papillary growth pattern. Submucosal esophageal glands/ducts and thick-walled arteries, if present, could serve as a marker for submucosal determination. Stromal desmoplasia is another important clue. Microscopically the tumor has features of gland forming, and could be categorized as well differentiated (more than 95% gland formation), moderately differentiated (50-95% gland formation), or poorly differentiated carcinoma (less than 50% gland formation). Rarely poorly differentiated components such as signet ring cell carcinoma can be seen, which usually associates with adverse prognosis. Other uncommon microscopic pattern includes mucinous adenocarcinoma, mucoepidermoid carcinoma, adenoid cystic carcinoma, and adenosquamous carcinoma. Some patients may not have a prior BE history, however BE with HGD is often a common finding in the background esophageal tissue. As an early stage esophageal adenocarcinoma, SAC is becoming commonly recognized due to the widespread use of endoscopic surveillance in BE patients.
Unfortunately, even with a relatively superficial tumor location, SAC is associated with significant cancer mortality. The depth of submucosal invasion is the prognostic key. SAC could be subcategorized into three risk groups based on the depth of invasion: sm1, where the tumor invades into upper one-third of the submucosa; sm2, where the tumor invades into middle third of the submucosa; and sm3, where the tumor invades into lower one third of submucosa. Studies showed that there's essentially no significant difference between T1a m3 and T1b sm1 in terms of lymph node metastases, recurrence-free period, and 5-year survival rate. Endoscopic therapy is the preferred management for T1b sm1 esophageal carcinoma, similar to T1a IMC. On the contrary, pT1b sm2-3 carcinoma carries a much worse prognosis, with lymph node metastases in 44% and a recurrence-free period only in 57% [35] . For pT1b sm2-3, surgical resection is considered as the treatment of choice [36, 37] . From a practical point of view, subdivision of submucosa in endoscopically resection specimen is not always possible due to resection procedure and the sample orientation, thus the absolute invasion depths of 500 µm has been proposed to separate sm1 carcinoma from sm2-3. In a recent study, three risk factors (depth of invasion >500 µm into the submucosa, lymphovascular invasion, and poor differentiation) have been shown to be associated with lymph node metastasis. For the low risk SAC, which was defined as the one that invades <500 µm, has no lymphovascular invasion, and is well or moderately differentiated, there's no reported lymph node involvement. The frequency of lymph node metastasis increased to 25% with one risk factor, 33% with two risk factors, and in high risk SAC with all three risk factors, the lymph node involvement was present in 50% of cases [37] . A summary of current studies evaluating the depth of invasion in esophageal SAC is presented in Table 1 [32, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Even though few studies argued against the "safe zone" of superficial submucosal involvement [44, 45] , most studies support the clinical significance of depth of submucosal invasion (Table 1) . Our systemic review of all published data demonstrates a "rule of doubling" for the frequency of lymph node metastases: tumor invasion into each progressively deeper one third of submucosal layer corresponds with a twofold increase in the risk of nodal metastases (9.9% in the sm1 group, 22.0% in the sm2 group, and 40.7% in the sm3 group). It should be noted that superficial submucosal invasion does carry certain risk of nodal metastases (9.9% in sm1 group), therefore any SAC should be treated surgically if there are any coexisted major risk factors such as lymphovascular involvement or features of poor tumor differentiation ( Figure 5A,B) .
Tumor budding is a newly recognized prognostic factor for EAC. Following epithelial-mesenchymal transition (EMT), epithelial tumor cells may present as tumor buds that are single cells or small clusters with up to 5 tumor cells ahead of the invasive front ( Figure 5C ). Recent studies have shown that high-grade tumor budding is associated with higher overall TNM-stage, lymph node involvement, poor differentiation, incomplete excision, and poor overall survival [48] [49] [50] [51] [52] [53] [54] [55] . Table 2 provides an overview of current understanding towards this important subject. Interestingly the depth of submucosal invasion may also play a role in tumor budding [56] . However, this feature has not been assessed and reported on routine pathology practice.
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Ancillary Biomarkers for BE, Dysplasia, and Early Stage EAC
Biomarkers for BE and early stage EAC include mucin glycoprotein MUC2, CDX-2, Das-1, SOX-9, Villin, and Hep Par 1. MUC2 was proposed as a highly specific marker of goblet cell metaplasia in BE [57, 58] . CDX-2, the key regulator of intestinal differentiation in the colon and small bowel, is also a potential regulator of BE. Its expression increases during the development of intestinal metaplasia, but subsequently decreases through the progression of dysplasia and carcinoma [59] . MUC2, CDX-2, Das-1, Villin, and Hep Par 1 are all considered as biomarkers for intestinal metaplasia. However currently histopathology is still the gold standard, and these markers have not been recommended to aid in the diagnosis of BE based on recent consensus from the Rodger C. Haggitt Gastrointestinal Pathology Society [60] .
Extensive studies have been conducted to explore the potential ancillary biomarkers for the diagnosis of BE-related dysplasia. Among them, p53 expression is the most promising diagnostic and prognostic marker [61, 62] . In one study, positive p53 expression was found in 0% of BE ND cases, 9% of LGD cases, 55% of HGD cases, and 87% of those with EAC [63] . In a recent follow-up study, p53 expression levels were surveyed on 275 BE patients who had no HGD or EAC, and result showed that no patient (0%) with scattered positive cells progressed to HGD/EAC, while 31.25% patients with aggregates of positive cells and 75% of those with multifocal aggregates of positive cells progressed to HGD/EAC [64] . Despite these promising results, p53 as a biomarker for diagnosing dysplasia is still controversial due to the high false positive and negative rate.
Alpha-methylacyl-CoA-racemase (AMACR) is also a potential practical biomarker for dysplasia. AMACR was not expressed in non-dysplastic esophagus, but was positive in 38% of LGD, 81% of HGD, and 72% of EAC [65] . One recent report demonstrated that AMACR expression in BE was associated with increased risk of cancer progression, but as a prognostic predictor it's not much better than histopathological diagnosis of LGD [66] . In another report, AMACR expression level was not correlated with prevalent or incident neoplasia in BE patients with IND [67] . Insulin-like growth factor-II mRNA-binding protein 3 (IMP3) is another promising biomarker in detecting dysplasia in BE and early stage EAC with a better sensitivity as compared to AMACR [68] [69] [70] . However its validation still requires more stringent investigation.
Her2, which encodes human epithelial growth factor receptor 2, is one of the validated therapeutic biomarkers for EAC. The decision of whether to use or not the anti-Her2 monoclonal antibody Trastuzumab targeted therapy heavily depends on tumor's expression level of Her2, whose overexpression has been described in about 15-30% of esophageal primary adenocarcinoma [71] . Currently combination of Trastuzumab with a chemotherapy regimen is the standard first-line treatment for Her2 positive metastatic esophageal adenocarcinoma. Her2 testing methods and algorithm for EAC is similar to those in gastric adenocarcinoma, first by immunohistochemistry (IHC) followed by in situ hybridization (ISH) when immunohistochemistry result is 2+ (equivocal). Positive (3+) or negative (0 or 1+) immunohistochemistry results do not require further ISH testing [72] . Her2 IHC is graded as negative 0 (on membranous staining in any of the tumor cells), negative 1+ (faint/barely perceptible membranous staining), equivocal 2+ (weak to moderate, complete, basolateral and lateral membranous staining), and positive 3+ (strong, complete, basolateral and lateral membranous staining) and the cutoff of at least 10% of tumor resection specimen or a small cluster of at least 5 tumor cells in biopsy specimen is used [72] . Cases with Her2 equivocal 2+ IHC result should be tested by ISH for Her2 amplification with positivity defined as Her2/CEP17 ratio ≥2. However, the use of Her2 in early stage EAC has not been explored.
Genetic and Molecular Signature of BE and Early Stage EAC
The BE-dysplasia-adenocarcinoma sequence is associated with well-defined genetic and molecular signatures. EAC have frequent chromosome loss of 17p (100%), 5q (80%), 9p (64%), 13q (43%), 18q (43%), and 1p (41%) [73] . In another study, 17p loss was found in 14% BE, 42% LGD, 79% HGD, and 75% EAC. 18q loss was found in 32% BE, 42% LGD, 73% HGD, and 69% EAC [74] . One recent study has demonstrated the potential clinical application of DNA flow cytometry in the diagnosis and risk stratification for BE patients [75] .
Loss of both 17p and 18q are frequently identified in EAC patients with poor prognosis. The potential tumor suppressor genes corresponding to each chromosomes are p53 (17p), SMAD4 (18q), APC (5q), p16 (9q), RB1 (13q) and ARID1a (1p). Actually a recent study with whole-genome sequencing analysis in 129 EAC cases confirmed that the most frequent somatic mutation and indel (insertion or deletion) events were TP53 (81%), ARID1a (17%), SMAD4 (16%), p16 (15%), KCNQ3 (12%), CCDC102B (9%), and CYP7B1 (7%) [76] . Previously, 9q (p16) loss was thought to be the earliest event followed by 17p (p53) and 18q (SMAD4) loss [77] , and subsequently followed by 5q (APC) loss. However a recent study suggest that TP53 mutations may be earlier events than previously recognized [78] . With TP53 mutation, BE will follow a distinct pathway to develop EAC via catastrophic aneuploidy and oncogene amplification. Through genome-wide mapping method, Orloff et al. identified germline mutations of 3 candidate genes (MSR1, ASCC1, and CTHRC1) in about 11% of patients with BE and EAC [79] . Other research areas of interest for BE include epigenetic regulation, miRNA profiling, and microbiome study.
Conclusions
Extensive research on BE, dysplasia, and early stage EAC have greatly shaped our understanding and clinical practice, and it will continue to do so. Despite that, many important questions remain unanswered. For example, what is the best and practical definition for BE? What is the key molecular event driving the initiation and progression of intestinal metaplasia and dysplasia? Are there any reliable prognostic markers to predict disease and neoplasia progression during surveillance? What is the best practice for surveillance as far as cost-effectiveness is concerned? Will there be personalized surveillance protocol for BE and personalized treatment strategy for early stage EAC? Answers to these questions will no doubt have dramatic implications for the development of early disease detection and clinical management.
